An electrochemical determination of the O2 -concentration from KO2 in DMSO solution using steady state microelectrode voltammetry shows that the KO2/DMSO method with the combined use of a crown compound or sonication is a reliable and simple technique for introduction of O2 -to the biomimitic reaction system.
Introduction
As reliable, simple and well-understood method for the synthesis and introduction of superoxide ion (O2 -) to biological or biomimetic systems, potassium superoxide (KO2) has been widely used, particularly in dimethyl sulfoxide (DMSO), since the utility of this reagent had been reported by Valentine and Curtis. 1 Though the solubility of KO2, itself, is limited to the preparation of a concentrated O2 -solution, especially in nonpolar solvents, the use of crown ethers promotes the dissolution. The solubilization of potassium salts, by the complexation of K + with crown ethers has been reported, and this technique has been used to dissolve many such salts. 2, 3 On the other hand, to quantitatively investigate the chemical and biochemical reactions of O2 -, determining the effective concentration of O2 -, which means the actual value of the concentration of the solute in solution, is indispensable. For the determination of O2 or O2 -electrogenerated in aprotic solutions, hydrodynamic chronocoulometry 4, 5 and measurements of the electronic absorbance spectra for O2 -at λmax = 250 nm have been applied. [6] [7] [8] [9] [10] [11] However, the latter is an unsatisfactory technique for the determination of the KO2/crown ether system because crown compounds have strong optical absorption in the ultraviolet region. 2, 12 Therefore, the observed absorption maximum might result from the overlapping of both species.
In this paper, we propose an electrochemical determination of the effective O2 -concentration from KO2 using steady state microelectrode voltammetry. The sonication effect on the dissolution of KO2 is also considered.
Experimental
Potassium superoxide (KO2, Aldrich Chemical Co., Inc), dimethyl sulfoxide (DMSO, ∞ pure grade, Wako Pure Chemical Industries, Ltd.), dibenzo-18-crown-6-ether (DB18C6, Aldrich), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, Tokyo Kasei Kogyo Co., Ltd.) and tetraethylammonium perchlorate (TEAP, Wako) were used as received. DMSO contained 0.01% water as an impurity. For ESR measurements, a JEOL ES-RE2X ESR spectrometer with an ESR sample tube of 5 mm diameter was used. Cyclic voltammetry was carried out using a threeelectrode potentiostat (HA-150, Hokuto Denko Co., Ltd.), a function generator (HB-111, Hokuto Denko) and an X-Y recorder (WX-1100, Graphtec, Co., Ltd.). A glassy carbon disk electrode (Φ = 1 mm, BAS, Ltd.) and a carbon fiber microelectrode (Φ = 33 µm, BAS) were used as the working electrodes.
The surface of the working electrode was mechanically polished with lapping films (grain sizes of 9, 6, 3, 2, 1 and 0.5 µm, Sumitomo 3M, Ltd.), and was then carefully sonicated in distilled water. A sonication bath (frequency and intensity being 42 kHz and 30 W for air-saturated water, Iuchi, Co., Ltd.) was employed for washing the polished working electrode and for preparing electrolytic solutions.
For determining the effect of ultrasonic waves on the KO2 dissolution, a 2-min sonication was applied while preparing of the electrolytic solutions. The auxiliary and the reference electrodes were a platinum and an Ag + /Ag electrode (0.01 mol dm -3 (M) AgNO3 in acetonitrile). The potential value was referred to the latter electrode. All measurements were performed under an argon atmosphere at room temperature (20 ± 2˚C).
Results and Discussion
We initially measured the ESR spectrum of O2 -as the spin adduct of DMPO in DMSO to confirm the dissolution of KO2. In this case, only KO2 powder was directly dissolved into a DMSO solution containing a spin-trapping reagent; the solution was stirred without any other treatment, such as sonication or heating. A mixture of KO2 and DMPO in DMSO successfully produced the ESR spectrum shown in Fig. 1 , which exhibits hyperfine splitting due to the nitrogen of the DMPO spin adduct: a N = 1.41 mT. The value of a N is in accord with those reported for the DMPO spin adduct of O2 -or HO2 in acetonitrile, a N = 1.42, 1.43 mT. 13, 14 Figure 2a shows typical cyclic voltammograms for the electrochemical oxidation of 1 mM KO2 dissolved into DMSO containing 0.1 M TEAP as the supporting electrolyte. The peak currents were found to be proportional to the square root of the sweep rate, and the separation of the anodic and cathodic peak potentials was ca. 70 mV, irrespective of the sweep rate, exhibiting a nearly reversible one-electron oxidation/reduction process of dissolved species. The value of the apparent formal potential for the O2/O2 -couple, E o ′, was estimated to be -1.15 V vs. Ag + /Ag from (Ea p + Ep c )/2. In order to determine the effective concentration of O2 -from KO2, steady-state voltammetry using a microdisk electrode was performed; the typical voltammogram is displayed in Fig. 2b . The value of the limiting current (Il) is proportional to the concentration of the electroactive species (c). The following equation holds:
which was determined for the current under mass-transportlimited, steady-state and radial diffusion conditions at a diskshaped electrode, 16 where n is the number of electrons transferred (the value of 1.0 is used here), F is the Faraday constant, D is the diffusion coefficient (the value of 6.80 × 10 -6 cm 2 s -1 was used 4 and r is the radius of the disk electrode. The effect of the stoichiometric DB18C6 addition or greater on the KO2 dissolution was also confirmed using steady-state voltammetry, since DB18C6 was electroinactive in the evaluated potential window. The shapes of the current-potential curves of KO2 with DB18C6 were the same as that without DB18C6. Table 1 gives the relationships between the KO2 concentration used in preparing the test solution and the effective O2 -concentration. The effects of the DB18C6 addition and sonication on the dissolution were independently confirmed, since sonication is liable to cause other disturbances, such as fragmentation of the DB18C6. From the second row in Table 1 , it is indicated that the concentration of KO2 is almost independent of the actual concentration of O2 -. The addition of DB18C6 affects the dissolution when the KO2 concentration is comparable to that of DB18C6. Sonication was found to be more effective than the addition of DB18C6. The saturated concentrations of O2 in DMSO containing the electrolyte was reported to be 2.24 ± 0.09 mM. 4 Though all of the values in Table 1 are for O2 -, and not for O2, these values seem to be too small. As an appropriate reason for such a low concentration, the actual purity of KO2 might not be sufficient.
12 O2 -generated by an enzymatic system, such as the xanthine/xanthine oxidase system has been reported to be evolved independent of time; however, the concentration under the steady state condition is on the µM order, which is still smaller than that of the KO2/DMSO system. Therefore, it may be concluded that the KO2/DMSO method with the combined use of the DB18C6 addition or sonication for introduction of O2 -to the biomimetic reaction system is a reliable and simple technique. 
